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Introduction
The scalar channels in the region up to 1 GeV became a stumbling block of QCD. The point is that both perturbation theory and sum rules do not work in these channels because there are not solitary resonances in this region.
At the same time the question on the nature of the light scalar mesons is major for understanding the mechanism of the chiral symmetry realization, arising from the confinement, and hence for understanding the confinement itself.
Place in QCD, chiral limit, confinement, and σ models
The QCD Lagrangian is given by L=− 1 2 T r (G µν (x)G µν (x)) +q(x)(iD − M )q(x), M is a diagonal matrix of quark masses,
. M mixes left and right spaces. But in chiral limit, M f f → 0, these spaces separate realize U L (3)×U R (3) flavour symmetry, which, however, is broken by the gluonic anomaly up to U vec (1) × SU L (3) × SU R (3). As experiment suggests, confinement forms colourless observable hadronic fields and spontaneous breaking of chiral symmetry with massless pseudoscalar fields. There are two possible scenarios for QCD at low energy. 1. Non-linear σ model. 2. Linear σ model (LSM). The experimental nonet of the light scalar mesons, f 0 (600) (or σ(600)), κ(700-900), a 0 (980) and f 0 (980) mesons, suggests the U L (3) × U R (3) LSM. [3] .
Results in our approximation
6. Chiral shielding in ππ → ππ [3] The chiral shielding of the σ(600) meson is illustrated in Fig. 2(a) with the help of the ππ phase shifts δ res , δ bg , and δ 0 0 , and in Fig. 2(b) with the help of the corresponding cross sections.
Considering the residue of the σ pole in T 0 0 as the square of its coupling constant to the ππ channel is not a clear guide to understand the σ meson nature for its great obscure imaginary part.
The σ meson self-energy Π res (s) is caused by the intermediate ππ states, that is, by the four-quark intermediate states if we keep in mind that the SU L (2) × SU R (2) LSM could be the low energy realization of the two-flavour QCD. This contribution shifts the Breit-Wigner (BW) mass greatly m σ − M res = 0.50 GeV. So, half the BW mass is determined by the four-quark contribution at least. The imaginary part dominates the propagator modulus in the region 300 MeV < √ s < 600 MeV. So, the σ field is described by its four-quark component at least in this energy region.
Chiral shielding in γγ
Our results are shown in Fig. 3 . Fig. 4 . So, the the σ → γγ decay is described by the triangle
Consequently, it is due to the four-quark transition because we imply a low energy realization of the two-flavour QCD by means of the the SU L (2)×SU R (2) LSM. As Fig. 4 suggests, the real intermediate the pole residue reveal the σ indeed?
It is hard to believe that anybody could learn the complex but physically clear dynamics of the σ → γγ decay from the residues of the σ pole.
11. Discussion [3] [4] [5] [6] Leutwyler and collaborators obtained
MeV with the help of the Roy equation. Our result agrees with the above only qualitatively.
MeV. This is natural, because our approximation gives only a semiquantitative description of the data at √ s < 0.4 GeV. We do not regard also for effects of the KK channel, the f 0 (980) meson, and so on, that is, do not consider the SU L (3) × SU R (3) LSM.
Could the above scenario incorporates the primary lightest scalar Jaffe four-quark state? Certainly the direct coupling of this state to γγ via neutral vector pairs (ρ 0 ρ 0 and ωω), contained in its wave function, is negligible, Γ(q 2q2 → ρ 0 ρ 0 + ωω → γγ) ≈ 10 −3 keV, as we showed in 1982 [6] . But its coupling to ππ is strong and leads to Γ( Fig. 4 . Let us add to T S (γγ → π 0 π 0 ) the amplitude for the the direct coupling of σ to γγ conserving unitarity
σγγ is the direct coupling constant of σ to γγ, the factor s is caused by gauge invariance. Fitting the γγ → π 0 π 0 data gives a negligible value of g
σγγ | 2 /(16πM res ) ≈ 0.0034 keV, in astonishing agreement with our prediction [6] .
The majority of current investigations of the mass spectra in scalar channels do not study particle production mechanisms. Because of this, such investigations are essentially preprocessing experiments, and the derivable information is very relative. Nevertheless, the progress in understanding the particle production mechanisms could essentially help us reveal the light scalar meson nature.
Troubles and expectancies
In theory the principal problem is impossibility to use the linear σ model in the tree level approximation inserting widths into σ meson propagators because such an approach breaks the both unitarity and Adler self-consistency conditions. Strictly speaking, the comparison with the experiment requires the non-perturbative calculation of the process amplitudes. Nevertheless, now there are the possibilities to estimate odds of the U L (3) × U R (3) LSM to underlie physics of light scalar mesons in phenomenology. Really, even now there is a body of information about the S waves of different two-particle pseudoscalar states. As for theory, we know quite a lot about the scenario under discussion: the nine scalar mesons, the putative chiral shielding of the σ(600) and κ(700-900) mesons, the unitarity, an- alyticity and Adler self-consistency conditions. In addition, there is the light scalar meson treatment motivated by field theory. Figure  5 illustrates the excellent agreement our phenomenological treatment with the experimental and theoretical data.
Phenomenological chiral shielding [7]
14. Four-quark model [5, 9, 10] The nontrivial nature of the well-established light scalar resonances f 0 (980) and a 0 (980) is no longer denied practically anybody. In particular, there exist numerous evidences in favour of the q 2q2 structure of these states. As for the nonet as a whole, even a dope's look at PDG Review gives an idea of the four-quark structure of the light scalar meson nonet, 1 σ(600), κ(700-900), a 0 (980), and f 0 (980), inverted in comparison with the classical P wavetensor meson nonet a 2 (1270), f 2 (1320), K * 2 (1420), and f ′ 2 (1525). Really, while the scalar nonet cannot be treated as the P wavenonet in the naive quark model, it can be easy understood as the q 2q2 nonet, where σ(600) has no strange quarks, κ(700-900) has the s quark, a 0 (980) and f 0 (980) have the ss pair. The scalar mesons a 0 (980) and f 0 (980), discovered more than thirty years ago, became the hard problem for the naivemodel from the outset. Really, on the one hand, the almost exact degeneration of the masses of the isovector a 0 (980) and isoscalar f 0 (980) states revealed seemingly the structure similar to the structure of the vector ρ and ω or tensor a 2 (1320) and f 2 (1270) mesons, but on the other hand, the strong coupling of f 0 (980) to KK suggests a considerable ss part in the f 0 (980) wave function.
In 1977 Jaffe noted that in the MIT bag model, which incorporates confinement phenomenologically, there are light four-quark scalar states. He suggested also that a 0 (980) and f 0 (980) might be these states. From that time a 0 (980) and f 0 (980) resonances came into beloved children of the light quark spectroscopy.
Radiative decays of φ meson [9-13]
Ten years later we showed [11] that the study of the radiative decays φ → γa 0 → γπη and φ → γf 0 → γππ can shed light on the problem of a 0 (980) and f 0 (980) mesons. Over the next ten years before experiments (1998) the question was considered from different points of view. Now these decays have been studied not only theoretically but also experimentally. The first measurements were reported by SND and CMD-2. More recently KLOE performed measurements which are in close agreement with the Novosibirsk data but have considerably smaller errors. Note that a 0 (980) is produced in the radiative φ meson decay as intensively as η ′ (958) containing ≈ 66% of ss, responsible for φ ≈ ss → γss → γη ′ (958). It is a clear qualitative argument for the presence of the ss pair in the isovector a 0 (980) state, i.e., for its four-quark nature.
different regions of virtuality.
K
+ K − loop mechanism of creation, spectra, and gauge invariance [7, [9] [10] [11] [12] [13] [14] When basing the experimental investigations, we suggested [11] one-loop model φ → K + K − → γa 0 (980) (or f 0 (980)); see Fig. 6 . This model is used in the data treatment and is ratified by experiment. Below we argue on gauge invariance grounds that the present data give the conclusive arguments in favor of the K + K − loop transition as the principal mechanism of a 0 (980) and f 0 (980) production in the φ radiative decays. This enables to conclude that production of the lightest scalars a 0 (980) and f 0 (980) in these decays is caused by the four-quark transitions, resulting in strong restrictions on the large N C expansions of the decay amplitudes. The analysis shows that these constraints give new evidences in favor of the four-quark nature of a 0 (980) and f 0 (980) mesons. The data are described in the model φ → (γa 0 + π 0 ρ) → γπ 0 η and 2 ] requires a prohibitive R ≈ 100 GeV −1 . R ≈ 10 GeV −1 allows us to obtain the maximum of the mass spectrum only near 900 MeV. The K + K − loop model φ → K + K − → γR solves this problem in the elegant way: a fine threshold phenomenon is discovered, see Fig. 8 .
+ K − loop mechanism [10, 13] In truth this means that a 0 (980) and f 0 (980) are seen in the radiative decays of φ meson owing to 18. Four-quark transition and OZI [10] Both real and imaginary parts of the φ → γR amplitude are caused by the 
Recall that twenty six years ago the suppression of a 0 (980)/f 0 (980) → γγ was predicted [6, 15] based on the q 2q2 model, Γ(a 0 (980)/f 0 (980) → γγ) ∼ 0.27 keV. Experiment supported this prediction Γ(a 0 → γγ)=(0.19 ± 0.07 +0.1 −0.07 )/B(a 0 → πη) keV, Crystal Ball, and (0.28 ± 0.04 ± 0.1)/B(a 0 → πη) keV, JADE, Γ(f 0 → γγ)=(0.31 ± 0.14 ± 0.09) keV, Crystal Ball, and (0.24 ± 0.06 ± 0.15) keV, MARK II. When in themodel it was anticipated Γ(a 0 → γγ)=(1.5-5.9)Γ(a 2 → γγ)=(1.5-5.9)(1.04 ± 0.09) keV and Γ(f 0 → γγ)=(1.7-5.5)Γ(f 2 → γγ)= (1.7-5.5)(2.8 ± 0.4) keV. The a 0 → K + K − → γγ model [16] describes adequately data and corresponds to the four-quark transition a 0 → q 2q2 → γγ, Γ(a 0 → K + K − → γγ ≈ 0.3 keV.
20. γγ → ππ from Belle [17] [18] [19] Recently, we analyzed the new high statistics Belle data on the reactions γγ → π + π − and γγ → π 0 π 0 , and clarified the current situation around the σ(600), f 0 (980), and f 2 (1270) resonances in γγ collisions. The new Belle data are shown in Fig. 9 , together with our fitted curves. The f 0 → K + K − → γγ approximation yields Γ f0→K + K − →γγ ≈ 0.2 keV. The direct couplings σ → γγ and f 0 → γγ are small: Γ 
